Rechargeable Mg-ion batteries (MIBs) are an advantageous alternative solution to Li-ion batteries in many ways. Mg is safer and abundant in the Earth, and has a high electrochemical capacity owing to its divalent nature. It is yet relatively less studied largely due to primal success of Li-base batteries and challenges associated with the design of MIBs including high performance electrode materials. Herein, using first-principles calculation, we study the electrochemical and mechanical properties of the most viable alloy anode Mg 2 Sn with special attention to its amorphous phase-unavoidable phase forming during cyclic Sn magnesiation in MIBs due to volume changes. We create amorphous Mg 2 Sn via simulated annealing technique using ab initio molecular dynamics. We find while Mg 2 Sn undergoes a substantial atomic-level structural changes during the crystal-to-amorphous transformation, its polycrystalline properties degrade slightly and become softer by only 20% compared to the crystal phase. Moreover, we predict competitive electrochemical properties for the amorphous phase assuming it goes under similar reaction path as the average electronic charge on Mg ions almost remain unaffected. This work thus not only demonstrate that a-Mg 2 Sn
Introduction
Li-ion batteries (LIBs) are considered the most important and widespread energy storage solution in consumer electronics largely owing to their unrivaled combination of high volumetric and gravimetric energy capacities, and indeed thier early technological maturity in
1991.
1,2 They are also seen as an immediate viable candidate for the next generation of electric vehicles reducing our dependence on fossil fuels. 3 The ever-increasing reliance on limited
Li reserves as well as inherent safety issues and environmental impacts associated with LIBs, however, have raised concerns about the sustainability of this technology. 4 Na-ion batteries (NIBs) have emerged an appealing alternative solution with multifaceted benefits such as less expensive sodium precursors, and being more abundant and less toxic. 5 The performance of NIBs have constantly being improved especially during the last few years. 5, 6 Yet this relatively unexplored technology is far behind its Li-counterparts limiting its application due trolyte during Mg plating and stripping completely blocking Mg 2+ ions to shuttle, and the strong electrostatic interaction of Mg 2+ with the host largely hampering Mg 2+ ions mobility are major drawbacks hindering their practical applications. Addressing these issues have become the mainstream of MIBs' research and development. [13] [14] [15] There has been a promising progress on finding compatible electrolytes and suitable electrodes led to the introduction of promising electrolytes and cathode candidates. [16] [17] [18] [19] [20] However, identifying failure-free anode materials has received less attention and remains a big challenge.
The dendrite-free Mg metal initially gained popularity as an anode material for MIBs. It was later realized that its application is largely impeded due to the formation of the reduced layer. 13, 21 Magnesium alloys, a family of insertion-type materials based on Mg alloying/dealloying, are then found the most appealing anode candidates owing to their superior volumetric and gravimetric capacities as well as their compatibility with conventional electrolytes (e.g. magnesium salts). [22] [23] [24] [25] The magnesiation of group-14,15 elements during the electrochemical reaction was reported experimentally. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] It was shown that Sn could achieve higher gravimetric capacities than other group-14,15 elements, and operates in a low voltage window. 28, [32] [33] [34] [35] [36] [37] Moreover, some theoretical studies suggest that Sn (α/β-Sn) is the most competitive alloy anode for MIBs due to relatively low diffusion barriers of Mg ions.
27,35,38
Nevertheless, Sn magnesiation results in large structural changes in an electrochemical cell-in excess of 180 % volume change with reference to pure Sn during the formation of crystalline Mg 2 Sn (c-Mg 2 Sn). [27] [28] [29] It is well established that the electrochemical performance of alloys is largely hampered by structural failures as a result of drastic volume changes upon successive intercalation and de-intercalation of active ions during charge and discharge.
13,39-42
Sn magnesiation during charge and discharge results in remarkable capacity fade. 36 The underlying reasons are not clear, it is hypothesized that, along with the known issue of the formation of the passivation layer, large structural changes accompanied by pulverization and amorphization could be responsible. and Na binary alloys, whereas such knowledge is missing for the Mg-Sn system.
43-47
In this work, we study the fundamental electrochemical and elastic properties of Mg 2 Snthe only phase in the binary Mg-Sn system at equilibrium-in crystalline and amorphous form using first principles calculations. 48, 49 We obtained the atomic level structure of aMg 2 Sn by creating an amorphous phase using simulated annealing technique at three temperatures (above the melting point of c-Mg 2 Sn phase) using ab initio molecular dynamics.
We provide a quantitative and qualitative atomic level insight into the a-Mg 2 Sn phase using radial distribution functions and rings statistics. Our results suggest that a-Mg 2 Sn is elastically softer than c-Mg 2 Sn, and it is alike c-Mg 2 Sn in terms of electrochemical properties.
Methodology
The Vienna Ab Initio Simulation Package (VASP) was used to perform density functional theory (DFT) calculations within GGA-PBE approximation. 57 Projector-augmented wave (PAW) pseudopotentials were employed for describing core and valence electrons interactions. 58, 59 The 2p 6 3s 2 and 4d 10 5s 2 5p 2 states were treated as valence electrons for Mg and Sn, respectively. All crystalline phases were obtained from the crystal structure database. 
53-56
Obtaining intrinsic elastic properties of single crystal structures using DFT is well established in literature and is explained in length in our earlier works. 46, 47 Briefly, when a uniform and infinitesimal strain is applied to a homogeneous system, the internal energy of the system can be expressed in terms of strain components. Using energy-strain curve, one can obtain the elastic constants for all phases. For instance in c-Mg 2 Sn with cubic symmetry, uniaxial distortion, volumetric distortion and pure shear were applied to obtain the three independent elastic constants i.e. C 11 , C 12 , and C 44 , respectively (Voigt notation is used for all elastic constants). 63 The isotropic nature of a-Mg 2 Sn phase only gives two independent elastic constants, C 11 and C 12 similarly obtainable through uniaxial and volumetric strains, respectively. For C 11 , uniaxial strain was applied along three orthogonal directions and average C 11 was determined. In a similar fashion, we obtained the five and six independent elastic constants of Mg and Sn crystal structures, respectively.
Moreover, crucial electrochemical properties were calculated including electrode potential -E f /x with respect to Mg/Mg +2 , and specific capacity nF/ΣM , where n is the total number of Mg electrons in the reaction, F is Faraday's constant (26.802 Ah/mol) and ΣM is the total molecular weight of Mg 2 Sn. We also obtained volumetric energy density versus a hypothetical 3.75 V cathode by a method introduced by Obrovac et al.
64,65
Results and Discussion Fig. 1a and b, respectively. 69 The former has a well-defined atomic positions, whereas the latter has a disordered atomic positions. RDFs results, as shown in Table 2 outlines the second order elastic constants C ij s of Mg, Sn and c/a-Mg 2 Sn phases as obtained from our DFT calculations. Our C ij s are in good agreement with the experimental measurements and first principles calculations of elastic constants for crystalline Mg, Mg 2 Sn, Sn phases (see Table 2 ). Young's and shear moduli (calculated as A X = X max /X min with X being either Young's or shear moduli) are also given in the table. 75 In addition, we plot Young's and bulk moduli of all phases including a-Mg 2 Sn as a function of the Mg fraction y = x/(x + 1) in Fig. 3 , where y= 0 and 1 represents the pure polycrystalline Sn phase and Mg phase, respectively.
Fundamental Elastic Behavior
It is evident from Table 3 that Young's and shear modulus for c-Mg 2 Sn are greater than that of pure Mg and Sn phases. This can be understood from B/G ratio-an indication to elements to sodiation and Li-Si alloy anodes but somewhat similar to Li-Sn system (in which Sn lithiation also experiences a sudden increase in Young's and shear moduli with respect to pure Sn phase). [43] [44] [45] [46] [47] There is one remarkable difference: Sn magnesiation is susceptible to electrochemically driven amorphization. Our results demonstrate that a-Mg 2 Sn has become elastically soft by ≈ 20 % with respect to c-Mg 2 Sn. This elastic softening makes the moduli's trend to follow an approximate linear dependence on the Mg fraction as opposed to c-Mg 2 Sn (see Fig. 3 ). This behavior may suggest a more gradual magnesiation-induced phase transformation in favor of easing the build-up of severe internal stresses. We further see that all crystalline phases are rather elastically isotropic polycrystalline materials due to low anisotropy values consistent with the small deviation of their bulk and shear moduli from the linear dependency (see Table 3 , where A =1, A >1 signifies isotropic and anisotropic behavior, respectively).
Atomic-scale Insights via Charge Analysis. We obtain the net charges on each atom by employing Bader charge population analysis using electronic charge distribution from our DFT calculations. 77 Table 4 Table 4 
Conclusions
In summary, we obtained the fundamental electrochemical and elastic properties of c/aMg 2 Sn alloy anodes for Mg-ion batteries. We created the a-Mg 2 Sn phase using annealingquenching technique, and examined its amorphousity through RDFs and ring statistics. We 
